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A l:50-scale  (undistorted)  hydraulic  model  of  Wells  Harbor,  Maine,  which 
included  the  entrance  to  the  harbor,  approximately  900  ft  and  1100  ft  of 
shoreline  to  the  south  and  north  of  the  harbor,  respectively,  and  sufficient 
offshore  area  in  the  Gulf  of  Maine  to  permit  generation  of  the  required  test 
waves,  was  used  to  investigate  the  effects  of  proposed  improvements  at  the 
harbor  entrance  on  wave  action.  Proposed  Improvement  plans  consisted  of  the 
installation  of  stone  spur  dikes  in  the  Jettied  entrance  and  a breakwater 
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20.  ABSTRACT  (Continued) 

attached  to  the  existing  north  jetty.  A 20-ft-long  wave  generator,  a model 
circulation  system,  and  an  automated  data  acquisition  and  control  system 
-(ADAGB)' were  utiiizeddn  model  operation.^  It  was  concluded  from  model  test^  'i-. 
results  that:  ''^s-ed  *" — — 

a.  periods  of  moderate  to  large  wave  attack,  the  existing  harbor 
entrance  experiences  hazardous  navigation  conditions  due  to  breaking 
waves  and  interaction  of  waves  with  tidal  currents. 7 

b.  The  originally  proposed  sp:ir-dike  configiuration  (plan  l)  will  slightly 
increase  wave  heights  in  the  outer  entrance  (gage  1),  will  have  little 
effect  on  wave  heights  between  the  outer  entrance  and  the  bend  in  the 
jetties,  and  will  reduce  wave  heights  through  the  remainder  of  the 
jettied  entrance. 

£.  Changing  the  spur-dike  cross  sections  at  the  entrance  (plan  2)  will 
not  reduce  wave  heights  at  that  location. 

d.  Removal  of  the  first  spur  dike  attached  to  the  south  jetty  and  the 
third  spur  dike  attached  to  the  north  jetty  (approaching  from  the 
sea)  will  not  compromise  design  effectiveness. 

Shoaling  may  occur  between  the  spur  dikes,  particularly  the  longer 
ones  attached  to  the  south  jetty. 

The  installation  of  a breakwater  (plan  3)  will  substantially  improve 
wave  conditions  in  the  jettied  entrance  over  those  for  existing  con- 
ditions or  any  of  the  spur-dike  plans  tested. 

£.^Whether  tidal  velocities  following  installation  of  the  proposed  spur 
*'  dikes  will  be  sufficient  to  maintain  a self-scouring  channel  at  de- 
scribed navigable  depths  is  beyond  the  scope  of  this  model  'investiga- 
tion. However,  qualitative  indications  are  that  the  spur  dikes  will 
, '-be  beneficial  in  reducing  maintenance  dredging  requirements . 
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A req.uest  for  a model  investigation  of  Wells  Harbor,  Maine,  was 
initiated  by  the  Division  Engineer,  U.  S.  Army  Engineer  Division,  New 
England  (NED),  in  a letter  dated  l4  June  1977-  The  study  was  authorized 
by  NED  on  13  July  1977*  and  funds  for  the  U.  S.  Army  Engineer  Waterways 
Experiment  Station  (WES)  to  conduct  the  study  were  authorized  on 
15  August  1977. 

The  model  study  was  conducted  during  the  period  October  1977- 
January  1978  under  the  direction  of  Mr.  H.  B.  Simmons,  Chief  of  the 
Hydraulics  Laboratory;  Mr.  F.  A.  Herrmann,  Jr. , Assistant  Chief  of  the 
Hydraulics  Laboratory;  Dr.  R.  W.  Whalin,  Chief  of  the  Wave  Dynamics 
Division;  and  Mr.  C.  E.  Chatham,  Jr.,  Chief  of  the  Harbor  Wave  Action 
Branch.  Testing  was  performed  by  personnel  of  the  Harbor  Wave  Action 
Branch:  Mr.  H.  F.  Acuff,  Civil  Engineering  Technician,  with  the  assis- 
tance of  Messrs.  R.  E.  Ankeny,  Electronics  Technician,  and  K.  A.  Turner, 
Computer  Specialist,  under  the  supervision  of  Mr.  Robert  R.  Bottin,  Jr. , 
Project  Engineer.  This  report  was  prepared  by  Mr.  Bottin. 

During  the  course  of  the  investigation,  liaison  was  maintained 
between  NED  and  WES  by  means  of  conferences,  telephone  communications, 
and  monthly  progress  reports. 

Messrs.  Carl  Hard  and  Frank  Notardonato,  NED,  visited  WES  to 
observe  model  operations  and  participate  in  conferences  during  the 
course  of  the  study. 

COL  John  L.  Cannon,  CE,  was  Commander  and  Director  of  WES  during 
the  conduct  of  this  investigation  and  the  preparation  and  publication 
of  this  report.  Mr.  Fred  R.  Brown  was  Technical  Director. 
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CONVERSION  FACTORS,  U.  S.  CUSTOr4ARY  TO  METRIC  (Sl) 
UNITS  OF  rffiASUREI4ENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con- 
verted to  metric  (Sl)  as  follows: 


Multiply 


To  Obtain 


acres 

cubic  feet  per  second 
degrees  (angle) 
feet 

feet  per  second 
inches 

miles  (U.  S.  statute) 
pounds  (mass) 

pounds  (mass ) per  cubic  foot 
square  feet 

square  miles  (U.  S.  statute) 
tons  (2000  lb,  mass) 


^0^6.856 

0.02831685 

O.OITU5329 

0.301*8 

O.30U8 

25.1* 

1.60931*1* 

0.1*535921* 

16.OI8U6 

O.0929030I* 

2.589988 

907.181*7 


square  metres 

cubic  metres  per  second 

radians 

metres 

metres  per  second 

millimetres 

« 

kilometres 

kilograms 

kilograms  per  cubic  metre 
square  metres 
square  kilometres 
kilograms 
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DESIGN  FOR  HARBOR  ENTRANCE  IMPROVEMENTS 


WELLS  HARBOR,  MAINE 
Hydraulic  Model  Investipiatlon 


PART  I : INTRODUCTION 
The  Prototype 

1.  Wells  Harbor,  Maine,  is  a small  inlet  located  in  the  town  of 
Wells  at  the  mouth  of  the  Webhannet  River  about  20  miles*  northeast  of 
Portsmouth  Harbor,  Maine  (Figure  l).  Wells  is  primarily  a summer  resort 
area  for  small  pleasure  boats;  however,  some  commercial  lobster  business 
has  been  established. 

2.  Initial  improvements  at  Wells  Harbor  were  authorized  in  I961 
and  consisted  of  an  8-ft-deep,  lOO-ft-wide  entrance  channel  extending 
about  2500  ft  from  the  -8  ft  contour  in  the  Gulf  of  Maine  through  a 
jettied  entrance  to  an  inner  channel  where  the  depth  decreased  to  6 ft. 
The  6-ft  deep,  150-ft-wide  inner  channel  extended  about  500  ft  to  a 
it50-ft-wide,  1100-ft-long  anchorage  basin  comprising  T.^  acres.  An 
81+0-ft-long  north  jetty  extended  from  Drakes  Island  and  a 9^0-ft-long 
south  jetty  extended  from  Wells  Beach,  resulting  in  a 1+00-ft  opening 
between  the  jetties.  Construction  of  the  north  and  south  jetties  was 
completed  in  1962.  After  jetty  construction,  excessive  shoaling  oc- 
curred in  the  harbor  entrance,  compromising  the  project  design.  Autho- 
rization to  extend  the  north  jetty  by  1225  ft  and  the  south  jetty  by 
1300  ft  was  granted  in  1965  and  construction  was  completed  in  196T. 
Figure  2 shows  an  aerial  photograph  of  the  entrance  to  Wells  Harbor  in 
September  1975  and  Plate  1 shows  details  of  existing  conditions. 

The  Problem 

3.  Extensions  to  the  north  and  south  jetties  were  unsuccessful  in 

* A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (SI)  is  presented  on  page  3.  All  dimensions  in  this 
report  are  given  in  prototype  units  unless  otherwise  noted. 
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eliminating  shoaling  problems  and  due  to  a continued  influx  of  sand 
through  the  inlet  entrance,  the  entrance  channel  does  not  maintain  a 
self-scouring  depth  equal  to  the  project  depth  and  frequent  dredging 
is  required.  In  addition,  the  entrance  channel  affords  little  wave 
protection  to  small  boats  navigating  the  channel  during  periods  of 
severe  storms,  which  are  commonly  experienced  in  the  Gulf  of  Maine. 

The  Proposed  Solution 

U.  The  proposed  solution  consists  of  the  installation  of  stone 
spur  dikes  in  the  jettied  entrance  so  that  the  entrance  width  would  be 
reduced  and  project  depths  would  be  maintained  by  tidal  flows. ^ The 
spur  dikes  in  the  entrance  would  act  as  wave  diffraction  gaps  and  par- 
tially dissipate  incoming  wave  energy.^  However,  since  this  geometry, 
superimposed  upon  tidal  currents,  is  complex,  some  wave  reflection  and 
interference  may  occur  resulting  in  hazardous  wave  conditions.  If  this 
occurs,  consideration  would  be  given  to  the  installation  of  a breakwater 
for  more  positive  wave  suppression. 

Purpose  of  the  Model  Study 

5.  At  the  request  of  the  U.  S.  Army  Engineer  Division,  New  England 

(NED),  a hydraulic  model  study  was  conducted  by  the  U.  S.  Army  Engineer 

Waterways  Experiment  Station  (WES)  to: 

Study  wave  and  current  conditions  in  the  harbor  entrance 
both  with  and  without  the  proposed  improvements  installed 
in  the  model. 

Develop  remedial  plans  for  the  alleviation  of  undesirable 
wave  and  current  conditions  as  found  necessary. 

£.  Determine  if  design  modifications  of  the  proposed  plan 
could  be  made  that  would  reduce  construction  costs 
significantly  and  still  provide  adequate  wave  protection. 
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PART  II:  THE  MODEL 


Design  of  Model 

6.  The  Wells  Harbor  model  (Figure  3)  was  constructed  to  an  un- 
distorted linear  scale  of  1:50,  model  to  prototype.  Scale  selection 
was  based  on  such  factors  as : 

a.  Depth  of  water  required  in  the  model  to  prevent  excessive 
bottom  friction. 

b.  Absolute  size  of  model  waves. 

£.  Available  shelter  dimensions  and  area  required  for  model 
construction. 

Efficiency  of  model  operation. 

£.  Available  wave-generating  and  wave-measuring  equipment, 
f^.  Model  construction  costs. 

A geometrically  undistorted  model  was  necessary  to  ensure  accurate 

reproduction  of  short-period  wave  patterns.  Following  selection  of  the 

linear  scale,  the  model  was  designed  and  operated  in  accordance  with 
2 

Froude's  model  law.  The  scale  relations,  model  to  prototype,  used  for 
design  and  operation  of  the  model  were  as  follows: 

Characteristic  Dimension*  Scale  Relation 


Length 

L 

L = 
r 

1:50 

Area 

L^ 

A = 
r 

l2  = 
r 

1:2,500 

Volume 

l3 

¥ = 
r 

l3  = 

r 

1:125,000 

Time 

T 

T = 
r 

l"/2 

r 

= 1:7.07 

Velocity 

L/T 

V = 
r 

l1/2 

r 

= 1:7.07 

Discharge 

L^/T 

^r  = 

l5/2 

r 

= 1:17,680 

* Dimensions  are  in  terms  of  length  and  time. 


T.  The  proposed  improvement  plans  for  Wells  Harbor  included  the 
use  of  rubble-mound  spur  dikes  and  breakwaters.  The  existing 


8 


Figure  3.  Model  layout 


r 

breakwaters  are  also  rubble-mound  structures.  Based  on  past  experience, 
1: 50-scale  model  structures  should  not  create  sufficient  scale  effects 
to  warrant  geometric  distortion  of  rock  sizes  in  order  to  ensure  proper 
transmission  and  reflection  of  wave  energy.  Therefore,  rock  size 
selection  was  based  on  linear  scale  relations  and  an  assumed  specific 
I weight  of  165  Ib/ft  for  the  prototype  rock. 

I 

The  Model  and  Appurtenances 


8.  The  model,  which  was  molded  in  cement  mortar,  reproduced  the 
entrance  to  Wells  Harbor;  approximately  900  and  1100  ft  of  shoreline 
south  and  north  of  the  harbor,  respectively;  and  underwater  contours 
to  an  offshore  depth  of  I8  ft  with  a sloping  transition  to  the  wave 
generator  pit  elevation  of  -80  ft.  The  total  area  reproduced  in  the 
model  was  approximately  UlOO  sq  ft,  representing  about  O.U  square  miles 
in  the  prototype.  A general  view  of  the  model  is  shown  in  Figure 
Vertical  control  for  model  construction  was  based  on  mean  low  water 
(mlw)*  datum.  Horizontal  control  was  referenced  to  a local  prototype 
grid  system. 

9.  Model  waves  were  generated  by  a 20-ft-long  wave  generator  with 
a trapezoidal-shaped,  vertical  motion  plunger.  The  vertical  movement 
of  the  plunger  caused  a periodic  displacement  of  water  incident  to  this 
motion.  The  length  of  the  stroke  and  the  period  of  the  vertical  motion 
were  variable  over  the  range  necessary  to  generate  waves  with  the  re- 
quired characteristics. 

10.  A water-circulating  system  (Figure  3),  consisting  of  6-in. 
perforated-pipe  water-intake  and  discharge  manifolds,  a 5-cfs  pump, 
four  valves,  an  orifice  plate,  and  a differential  manometer,  was  used 
in  the  model  to  reproduce  steady-state  flows.  These  flows  corresponded 
to  the  maximum  ebb  and  flood  tidal  flows  through  the  harbor  entrance. 

11.  An  Automated  Data  Acquisition  and  Control  System  (ADACS), 

* All  elevations  cited  herein  are  in  feet  referred  to  mean  low  water 
unless  otherwise  defined. 
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Fif^ure  General  view  of  model 


designed  and  constructed  at  WES  (Figure  5),  was  used  to  secure  wave- 
height  data  at  selected  locations  in  the  model.  Basically,  through  the 
use  of  a minicomputer,  ABACS  recorded  onto  magnetic  tape  the  electrical 
output  of  parallel-wire,  resistance-type  wave  gages  that  measured  the 
change  in  water-surface  elevation  with  respect  to  time.  The  magnetic 
tape  output  of  ABACS  was  then  analyzed  to  obtain  the  wave-height  data. 

12.  A 2-ft  (horizontal)  solid  layer  of  fiber  wave  absorber  was 
placed  around  the  inside  perimeter  of  the  model  to  dampen  any  wave 
energy  that  might  otherwise  be  reflected  from  the  model  walls.  In 
addition,  guide  vanes  were  placed  along  the  wave  generator  sides  to 
ensure  proper  formation  of  the  wave  train  incident  to  the  model 
contours . 
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Figure  5.  Automated  Bata  Acquisition  and  Control  System  (ABACS) 
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PART  III:  TEST  CONDITIONS  AND  PROCEDURES 

Selection  of  Test  Conditions 

Still-water  level 

13.  Still-water  levels  (swl's)  for  harbor  wave-action  models  are 
selected  so  that  various  wave-induced  phenomena  dependent  on  water 
depths  are  accurately  reproduced  in  the  model.  These  phenomena  include 
the  refraction  of  waves  in  the  harbor  area,  overtopping  of  harbor  struc- 
tures by  waves,  reflection  of  wave  energy  from  harbor  structures,  and 
transmission  of  wave  energy  through  porous  structures. 

Ih.  It  was  desirable  to  select  a model  swl  that  closely  approxi- 
mated the  higher  water  stages  which  normally  occur  in  the  prototype  for 
the  following  reasons: 

a.  The  maximum  amount  of  wave  energy  reaching  a coastal  area 
normally  occurs  during  the  higher  water  phase  of  the  local 
tide  cycle. 

b.  Most  storms  moving  onshore  are  characteristically  accom- 
panied by  a higher  water  level  due  to  wind  tide  and 
shoreward  mass  transport. 

c_.  The  selection  of  a high  swl  helps  minimize  model  scale 
effects  due  to  viscous  bottom  friction. 

15.  Prototype  data^  indicate  that  maximum  velocities  through  the 
harbor  entrance  during  the  ebb  phase  of  the  tidal  cycle  occur  at  a swl 
of  +i*.5  ft,  and  maximum  velocities  during  the  flood  phase  occur  at  a 
+6.8  ft  swl.  Therefore,  swl's  of  +U.5  and  +6.8  ft  were  selected  for 
model  testing  of  maximum  ebb  and  flood  tidal  flow  conditions.  In  addi- 
tion, a swl  of  +8.6  ft  representing  slack  tidal  flow  at  mean  high  water 
(mhw)  also  was  selected  for  model  tests. 

Factors  influencing  selection 
of  test  wave  characteristics 

16.  In  planning  the  testing  program  for  a model  investigation  of 
harbor  wave-action  problems,  it  is  necessary  to  select  dimensions  and 
directions  for  the  test  waves  that  will  allow  a realistic  test  of 
proposed  improvement  plans  and  an  accurate  evaluation  of  the  elements 
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of  the  various  proposals.  Surface  wind  waves  are  generated  primarily  by 
the  interactions  between  tangential  stresses  of  wind  flowing  over  water, 
resonance  between  the  water  surface  and  atmospheric  turbulence,  and  in- 
teractions between  individual  wave  components.  The  height  and  period  of 
the  maximum  wave  that  can  be  generated  by  a given  storm  depends  on  the 
wind  speed,  the  length  of  time  that  wind  of  a given  speed  continues  to 
blow,  and  the  water  disteince  (fetch)  over  which  the  wind  blows.  Selec- 
tion of  test  conditions  entails  evaluation  of  such  factors  as: 

The  fetch  and  decay  distances  (the  latter  being  the  dis- 
tance over  which  waves  travel  after  leaving  the  generating 
area)  for  various  directions  from  which  waves  can  attack 
the  problem  area. 

b.  The  frequency  of  occurrence  and  duration  of  storm  winds 
from  the  different  directions. 

c_.  The  alignment,  size,  and  relative  geographic  position  of 
the  navigation  entrance  to  the  harbor, 

d.  The  alignments,  lengths,  and  locations  of  various  reflect- 
ing surfaces  inside  the  harbor. 

The  refraction  of  waves  caused  by  differentials  in  depth 
in  the  area  seaward  of  the  harbor,  which  may  create  either 
a concentration  or  diffusion  of  wave  energy  at  the  harbor 
site. 

Wave  refraction 

17.  When  waves  move  into  water  of  gradually  decreasing  depth, 
transformations  take  place  in  all  wave  characteristics  except  wave 
period.  The  most  important  transformations  with  respect  to  selection 
of  test  wave  characteristics  are  the  changes  in  wave  height  and  direc- 
tion of  travel  due  to  the  phenomenon  referred  to  as  wave  refraction. 

The  change  in  wave  height  and  direction  can  be  determined  by  plotting 

refraction  diagrams  and  calculating  refraction  coefficients.  These 

diagrams  are  constructed  by  plotting  the  position  of  wave  orthogonals 

(lines  drawn  perpendicular  to  wave  crests)  from  deep  water  into  shallow 

water.  If  it  is  assumed  that  waves  do  not  break  and  there  is  no  lateral 

flow  of  energy  along  the  wave  crest,  the  ratio  between  the  wave  height 

in  deep  water  (H„)  and  the  wave  height  at  any  point  in  shallow  water  i 

i 

(H)  is  inversely  proportional  to  the  square  root  of  the  ratio  of  the  ! ! 

1/2  * j 

corresponding  orthogonal  spacings  (bQ  and  b),  or  H/Hq  = Kg(bQ/b)  ' . 1 


Ik 
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The  quantity  (bQ/b)  is  the  refraction  coefficient,  is 

the  shoaling  coefficient.  Thus,  the  refraction  coefficient  multiplied 
by  the  shoaling  coefficient  gives  a conversion  factor  for  transfer  of 
deepwater  wave  heights  to  shallow-water  values.  The  shoaling  coeffi- 
cient, which  is  a function  of  wavelength  and  water  depth,  can  be  ob- 
tained from  Reference  3. 

l8.  A wave  refraction  study  for  Wells  Harbor  was  conducted  in  1975 
for  the  critical  directions  of  wave  approach  using  computer  facilities 
at  WES.  These  data  were  examined  to  determine  the  shallow-water  wave 
height  and  refracted  wave  direction  at  the  -l8  ft  contour.  This  analy- 
sis indicates  that  most  deepwater  waves  arrive  at  the  harbor  entrance 
directly  down  the  axis  of  the  channel  (127°),  and  that  no  deepwater 
waves  arrive  more  than  15°  to  the  north  of  the  channel  axis  (112°)  nor 
20°  from  the  south  (1^7°).  Based  on  this  information,  the  wave  gener- 
ator position  selected  for  use  in  the  model  was  127°  which  represented 
deepwater  waves  approaching  from  east  clockwise  through  south-southeast. 


Prototype  wave  data  and 
selection  of  test  waves 

19.  Measured  prototype  wave  data  on  which  a comprehensive 
statistical  analysis  of  wave  conditions  could  be  based  were  unavailable 
for  the  Wells  Harbor  area.  However,  statistical  deepwater  wave  hindcast 
data  representative  of  this  area  were  obtained  from  Reference  h.  These 
data  (summarized  in  Table  l)  represent  estimated  durations  and  magni- 
tudes of  deepwater  waves  approaching  Wells  Harbor  from  the  various 
directions.  The  data  in  Table  1 were  converted  to  shallow-water  values 
(Table  2)  by  the  application  of  refraction  and  shoaling  coefficients. 

The  characteristics  of  test  waves  used  in  the  model  were  selected  from 
these  shallow-water  values  and  are  shown  in  the  following  tabulation. 


Selected  Shallow-Water 
Test  Direction 


Selected  Test  Waves 
Period  Height 

sec  ft 


127  deg 


5 i*,  7 

8 6,  10,  li* 

11  6,  10,  111 

111  1|,  7,  10 

17  k,  7 
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Tidal  flows  and  velocities 


20.  Data  on  tidal  flow  through  the  inlet  (in  the  vicinity  of  town 
dock)  were  obtained  from  References  1 and  5.  Tidal  velocities  of  1.9 
and  2.1  fps  were  selected  as  being  representative  of  maximum  flood  and 
ebb  conditions,  respectively. 

Analysis  of  Model  Data 

21.  Relative  merits  of  the  various  plans  tested  were  evaluated  by: 

a.  Comparison  of  wave  heights  at  selected  locations  in  the 
harbor  entrance. 

b.  Comparison  of  current  patterns  and  magnitudes  in  the 
harbor  entrance. 

c_.  Visual  observations  and  wave  pattern  photographs. 

In  analyzing  the  wave-height  data,  the  average  height  of  the  highest  one 

third  of  the  waves  recorded  at  each  gage  location  was  selected.  All 

wave  heights  thus  selected  then  were  adjusted  to  compensate  for  wave- 

height  attenuation  due  to  viscous  bottom  friction  in  the  model  by  appli- 

6 

cation  of  Keulegan's  equation.  From  this  equation,  reduction  of  wave 
heights  in  the  model  can  be  calculated  as  a function  of  water  depth, 
width  of  wave  front,  wave  period,  water  viscosity,  and  distance  of  wave 
travel. 
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PART  IV:  TESTS  AND  RESULTS 


The  Tests 


Existing  conditions 

22.  Prior  to  tests  of  various  improvement  plans,  comprehensive 
tests  were  conducted  for  existing  conditions.  Wave-height  data  were 
obatined  at  various  locations  in  the  jettied  entrance  (Plate  l)  for  the 
test  waves  listed  in  paragraph  19 . Wave-induced  current  patterns  and 
magnitudes,  in  conjunction  with  maximum  ebb  and  flood  tidal  flows,  and 
wave  pattern  photographs  also  were  secured  for  representative  test 
waves . 

Improvement  plans 

23.  Wave  heights,  ciirrent  patterns  and  magnitudes,  and  wave 
pattern  photographs  were  secured  for  three  improvement  plans . Two 

of  the  improvement  plans  consisted  of  installation  of  stone  spur  dikes 
in  the  jettied  entrances,  and  the  other  plan  included  a breakwater 
attached  to  the  north  jetty  in  conjunction  with  spur  dikes.  Brief 
descriptions  of  the  test  plans  are  presented  in  the  following  subpara- 
graphs; details  are  presented  in  Plates  2-k.  Typical  breakwater  and 
spur  dike  sections  are  shown  in  Plate  5- 

a.  Plan  1 (Plate. 2)  consisted  of  the  originally  proposed  spur 
dike  design.  This  plan  included  a total  of  10  spur  dikes 
in  the  jettied  entrance  that  reduced  the  controlling  width 
between  jetties  from  LOO  ft  to  280  ft.  The  crown  eleva- 
tion of  the  spur  dikes  was  +8.6  ft  and  the  side  slopes 
were  1V:1.5H  on  the  trunk  sections  and  1V:2H  on  the  head 
sections . 

b.  Plan  2 (Plate  3)  entailed  the  elements  of  plan  1 with  the 
following  modifications 


Spur-Dike  Number 
When  Approaching 
from  Sea 

First 

Second 


Spur-Dike 

Location 

North/South  Jettj 
South 
South 


(Continued) 


Change  to  Spur  Dike 


Removed 

IV : 3H  slope  installed 
on  seaward  side 


J 


IT 
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Spur-Dike  Number  Spur-Dike 

When  Approaching  Location 

from  Sea  North/South  Jetty  Change  to  Spur  Dike 


First 


Second 


Third 


North  Crown  elevation 

raised  to  +l6  ft; 
1V:3H  slope  installed 
on  seaward  side 

North  IV: 3H  slope  installed 

on  seaward  side 

North  Removed 


c_.  Plan  3 (Plate  involved  the  elements  of  plan  1 except 
the  first  spur  dike  attached  to  the  south  Jetty  and  the 
first  and  third  spur  dikes  attached  to  the  north  jetty 
(approaching  from  the  sea)  were  removed.  A 565-ft-long 
breakwater  was  attached  to  the  north  jetty  and  oriented 
to  the  south  of  the  north  jetty  alignment. 


Wave-height  tests 

2h.  Wave-height  tests  for  plans  1 and  3 were  conducted  using  all 
the  test  waves  listed  in  paragraph  19  for  maximum  ebb  and  flood  tidal 
flows  and  for  slack  water.  As  an  expedient,  wave-height  tests  were 
conducted  for  plan  2 only  for  representative  test  waves . Wave  gage 
locations  for  the  various  test  plans  are  shown  in  Plates  2-h. 

Current  pattern  and  magnitude  tests 

25.  Wave- induced  current  patterns  and  magnitudes  in  conjunction 
with  maximiun  ebb  and  maximimi  flood  tidal  flows  were  determined  at 
selected  locations  in  the  jettied  entrance  by  timing  the  progress  of  a 
dye  tracer  relative  to  a known  distance  on  the  model.  These  tests  were 
conducted  for  representative  test  waves  with  plans  1 and  3 installed. 
Movie 

26.  A 20-min  movie  of  the  Wells  Harbor  model  showing  tests  of 
existing  conditions  and  plans  1 and  3 was  secured  and  forwarded  to  NED 
for  use  in  public  meetings.  Included  in  the  movie  footage  were  the 
following : 

a.  A general  view  of  Wells  Harbor  model. 

b.  Wave  conditions  in  the  entrance  for  8-sec,  10- ft  waves 
with  maximum  ebb  flow  conditions. 

c_.  Current  patterns  in  the  entrance  for  maximum  ebb  flow 
conditions . 


! 
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Wave  conditions  in  the  entrance  for  8-sec , 6- ft  waves 
with  maximum  flood-flow  conditions. 

e_.  Current  patterns  in  the  entrance  for  maximum  flood-flow 
conditions. 

f^.  Wave  conditions  in  the  entrance  for  8-sec,  10-ft  waves 
with  slack  water. 


Test  Results 


27.  In  evaluating  test  results,  the  relative  merits  of  each  plan 
were  based  on  an  analysis  of  measured  wave  heights  and  current  patterns 
and  magnitudes.  Model  wave  heights  (significant  wave  height  or 

were  tabulated  to  show  measured  values  at  selected  locations.  Current 
patterns  and  magnitudes  were  superimposed  on  wave  pattern  photographs 
for  the  corresponding  plan  and  wave  condition  tested. 

Existing  conditions 

28.  Wave-height  measurements  obtained  for  existing  conditions  are 
presented  in  Table  3.  Maximum  wave  heights  obtained  in  the  Jettied 
entrance  were  8.7,  9.2,  and  10.6  ft  at  the  entrance  (gage  l);  5.2,  6.1, 
and  7*7  ft  at  the  bend  in  the  jetties  (gage  3);  and  1.3,  2.1,  and  2.7  ft 
where  the  jetties  start  widening  (gage  6)  for  the  +^.5,  +6.8,  and  8.6  ft 
swl's,  respectively. 

29.  Current  patterns  and  magnitudes  for  existing  conditions  are 
shown  in  Photos  1-10  for  maximum  ebb  (+U.5  ft  swl)  and  maximum  flood 
(+6.8  ft  swl)  tidal  flow  conditions.  Maximum  velocities  for  ebb  flow 
conditions  in  the  jettied  entrance  ranged  from  2,h  fps  for  ll+-sec,  7-ft 
and  17-sec,  U-ft  test  waves  to  3.5  fps  for  11-sec,  10-ft  test  waves. 

For  flood-flow  conditions,  maximum  velocities  between  the  jetties  ranged 
from  2.U  fps  for  8-sec,  10-ft  and  17-sec,  1-ft  test  waves  to  3.5  fps  for 
11-sec,  10-ft  test  waves.  Wave-induced  current  patterns  and  magnitudes 
secured  for  slack  water  (+8.6  ft  swl)  indicated  no  definite  current  pat- 
terns and  velocities  obtained  were  very  small.  Typical  wave  patterns 
obtained  for  existing  conditions  are  shown  in  Photos  1-15 . 

30.  Using  wave  heights  obtained  for  existing  conditions  in  the 
vicinity  of  the  proposed  spur  dikes,  stone  sizes  were  calculated  by  WES 


19 


personnel  using  design  procedures  from  Reference  3.  Based  on  a 10,6-ft 
design  wave  height,  the  first  three  spur  dikes  on  each  side  of  the 
channel  required  the  following  stone  sizes  for  stability:  armor  layer, 
h.2  tons,  first  underlayer,  8h2  lb;  core  stone,  h2  lb.  The  design  of 
the  remaining  spur  dikes  was  based  on  a 5-ft  design  wave,  and  the  fol- 
lowing stone  sizes  were  required:  armor  layer,  881  lb;  first  under- 
layer, 88  lb,  core  stone,  1.5  Ih. 

Improvement  plans 

31.  Results  of  wave-height  tests  with  plan  1 installed  in  the 
model  are  presented  in  Table  1.  Maximum  wave  heights  obtained  in  the 
jettied  entrance  were  9*2,  10.1,  and  10.7  ft  at  the  entrance  (gage  1); 

1.7,  6.6,  and  7*3  ft  at  the  bend  in  the  jetties  (gage  3);  and  1.0,  1.2, 
and  1.9  ft  where  the  jetties  start  widening  (gage  6)  for  the  +1.55  +6.8, 
and  +8.6  ft  swl's,  respectively. 

32.  Current  patterns  and  magnitudes  for  plan  1 are  shown  in  Photos 
l6-25  for  maximum  ebb  and  maximum  flood  tidal  flow  conditions.  Maximum 
velocities  in  the  jettied  entrance  ranged  from  3.2  fps  to  3.1  fps  for 
test  waves  for  maximum  ebb  flow  conditions.  For  flood  conditions,  maxi- 
mixm  velocities  between  the  jetties  ranged  from  2.8  fps  for  5-sec,  7-ft 
test  waves  to  1.7  fps  for  11-sec,  10-ft  test  waves.  Typical  wave  pat- 
terns obtained  for  plan  1 are  shown  in  Photos  l6-30, 

33.  Wave-height  measurements  obtained  with  plan  2 installed  are 
presented  in  Table  5-  Maximum  wave  heights  obtained  in  the  jettied 
entrance  were  8.8,  10.2,  and  11.1  ft  at  the  entrance  (gage  l)  and  1.1, 

5.7,  and  6.6  ft  at  the  bend  in  the  jetties  (gage  3)  for  the  +1.5,  +6.8, 
and  +8.6  ft  swl's,  respectively. 

3l.  Typical  wave  patterns  for  plan  2 are  shown  in  Photos  31  and  32 
for  slack  water  (+8.6  ft  swl). 

35.  Results  of  wave-height  tests  with  plan  3 installed  are  pre- 
sented in  Table  6.  Maximum  wave  heights  obtained  in  the  jettied  en- 
trance were  6.7,  9"1,  and  9.2  ft  at  the  entrance  (gage  lA) ; 1.1,  1.9, 
and  1.8  ft  at  the  bend  in  the  jetties  (gage  3);  and  0.6,  0.3,  and  0,6  ft 
where  the  jetties  start  widening  (gage  6)  for  the  +1.5,  +6,8,  and  +8.6 
ft  swl's,  respectively. 
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36.  Current  patterns  and  magnitudes  for  plan  3 are  shown  in  Photos 
33-38  for  maximum  ebb  and  flood  tidal  flow  conditions  and  representative 
test  waves.  Maximum  velocities  in  the  jettied  entrance  for  ebb  flow 
conditions  ranged  from  3.1  to  3.5  fps.  For  flood- flow  conditions,  maxi- 
mum velocities  between  the  jetties  ranged  from  3.*+  to  3.6  fps.  Typical 
wave  patterns  for  plan  3 are  shown  in  Photos  33-^1. 

Discussion  of  test  results 

3T-  Test  results  obtained  for  existing  conditions  indicate  break- 
ing waves  in  the  harbor  entrance  for  certain  incident  wave  conditions. 
This  problem  is  compounded  by  the  presence  of  ebb  tidal  currents  which 
tend  to  make  the  incident  waves  steepen  and  change  direction.  In  gen- 
eral, navigation  conditions  are  poor  when  waves  are  moderate  to  large. 

38.  A comparison  of  wave  heights  obtained  for  existing  conditions 
and  plan  1 (Table  7)  revealed  that  the  plan  1 configuration,  in  general, 
slightly  increased  wave  heights  at  gage  1,  had  little  effect  on  wave 
heights  at  gages  2 and  3,  and  reduced  wave  heights  at  gages  h-8.  It 
appears  that  the  net  overall  effect  of  plan  1 is  an  improvement  of 
entrance  wave  conditions. 

39-  A comparison  of  current  magnitudes  for  existing  conditions  and 
plan  1 indicates  that  the  decreased  channel  width  of  plan  1 increased 
ebb  current  magnitudes  an  average  of  51  percent  and  flood  current  magni- 
tudes an  average  of  57  percent.  It  should  be  noted  however,  that  the 
model  has  a fixed  bed  (i.e.,  the  bottom  is  not  allowed  to  scour)  and 
that  in  the  prototype,  the  channel  bottom  will  scour,  increasing  the 
cross-sectional  area,  thereby  offsetting  this  initial  increase  in  cur- 
rent velocities.  V/hether  velocities  (following  installation  of  the  spur 
dikes)  will  be  comparable  to  those  presently  existing,  and  whether  the 
channel  will  scour  sufficiently  to  maintain  navigable  depths  is  beyond 
the  scope  of  this  model  investigation.  However,  qualitative  indications 
are  that  the  spur  dikes  will  be  beneficial  in  reducing  maintenance 
dredging.  Current  patterns  observed  in  the  model  indicate  that  some 
shoaling  is  likely  to  occur  between  the  spur  dikes,  especially  the 
larger  ones  attached  to  the  south  jetty. 

i*0.  Visual  observations  of  current  patterns  for  plan  1 revealed 
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that  the  first  spur  dike  attached  to  the  south  jetty  and  the  third  spur 
dike  attached  to  the  north  jetty  (approaching  from  the  sea)  had  little 
effect  on  current  patterns  and  could  be  removed  without  compromising 
effectiveness . 

i*l.  A comparison  of  wave  heights  obtained  for  existing  conditions, 
plan  1,  and  plan  2 (Table  8)  indicates  that  plan  2 wave  heights  were 
generally  similar  to  those  for  plan  1 and  were  slightly  greater  than 
those  for  existing  conditions  at  gage  1.  Wave  heights  were  about  the 
same  for  existing  conditions  and  both  plans  at  gages  2 and  3.  Raising 
the  crown  elevation  and/or  flattening  the  seaward  slope  of  the  spur 
dikes  apparently  had  little  effect  on  wave  heights. 

h2.  Test  results  for  plan  3 indicated  that  wave  heights  in  the 
jettied  entrance  were  significantly  decreased  due  to  the  installation 
of  the  breakwater  and  navigation  conditions  would  be  substantially 
improved.  Current  patterns  and  magnitudes  obtained  for  plan  3 were 
similar  to  those  obtained  for  plan  1. 


I 


1 

1 
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PART  V:  CONCLUSIONS 


U3.  Based  on  the  results  of  the  hydraulic  model  investigation 
reported  herein,  it  is  concluded  that: 

a.  During  periods  of  moderate  to  large  wave  attack,  the 
existing  harhor  entrance  experiences  hazardous  navigation 
conditions  due  to  breaking  waves  and  interaction  of  waves 
with  tidal  currents. 

b.  The  originally  proposed  spur-dike  configuration  (plan  l) 
will  slightly  increase  wave  heights  in  the  outer  entrance 
(gage  1),  will  have  little  effect  on  wave  heights  between 
the  outer  entrance  and  the  bend  in  the  jetties,  and  will 
reduce  wave  heights  through  the  remainder  of  the  jettied 
entrance . 

c_.  Changing  the  spur-dike  cross  sections  at  the  entrance 
(plan  2)  will  not  reduce  wave  heights  at  that  location. 

Removal  of  the  first  spur  dike  attached  to  the  south  jetty 
and  the  third  spur  dike  attached  to  the  north  jetty  (ap- 
proaching from  the  sea)  will  not  compromise  design 
effectiveness . 

£.  Shoaling  may  occur  between  the  spur  dikes,  particularly 
the  longer  ones  attached  to  the  south  jetty. 

f_.  The  installation  of  a breakwater  (plan  3)  will  substan- 
tially improve  wave  conditions  in  the  jettied  entrance 
over  those  for  existing  conditions  or  any  of  the  spur- 
dike  plans  tested. 

£_.  Whether  tidal  velocities  following  installation  of  the 

proposed  spur  dikes  will  be  sufficient  to  maintain  a self- 
scouring  channel  at  desired  navigable  depths  is  beyond  the 
scope  of  this  model  investigation.  However,  qualitative 
indications  are  that  the  spur  dikes  will  be  beneficial  in 
reducing  maintenance  dredging  requirements. 


RKFERENCES 


r 


1.  Byrne,  R.  J.  and  Zeigler,  J.  M. , "Coastal  Engineering  Study,  Wells 
Harbor,  Maine,"  Aug  1977,  Coastal  Environmental  Associates, 
Gloucester  Point,  Va.;  prepared  for  U.  S.  Army  Corps  of  Engineers 
under  Contract  No.  DACW  33-76-C-OOOl. 

2.  Committee  of  the  Hydraulics  Division  on  Hydraulic  Research,  "Hy- 
draulic Models,"  Manuals  of  Engineering  Practice  No.  25,  19^2, 
American  Society  of  Civil  Engineers,  New  York,  N.  Y. 

3.  U.  S.  Army  Coastal  Engineering  Research  Center,  CE,  "Shore  Protec- 
tion Manual,"  1973,  Washington,  D.C. 

U.  Saville,  T. , "North  Atlantic  Coast  Wave  Statistics  Hindcast  by 

Bretschneider-Revised  Sverdrup-Munk  Method,"  Technical  Memorandum 
No.  55,  Nov  195*+,  U.  S.  Army  Beach  Erosion  Board,  CE,  Washington, 

D.C. 

5.  Morton,  Robert  and  Cook,  G.  S.,  "Preliminary  Data  Report  on  Envi- 
ronmental Studies  Conducted  at  Wells  Harbor,  Maine,  Nov  1975, 
Systems  Oceanography  Branch,  Naval  Underwater  Systems  Center, 
Newport,  R.I. 

6.  Keulegan,  G.  H. , "The  Gradual  Damping  of  a Progressive  Oscillatory 
Wave  with  Distance  in  a Prismatic  Rectangular  Channel"  (Unpublished 
data).  May  1950,  U.  S.  Bureau  of  Standards,  Washington,  D.C. 


> «3D  -P 
cd  'H  €m 
^ (D 


CMOONHOVDCMONOLAt^  H 
OOHCOt^C\it---rrHC\J  ^ 

LTS  I — I fH  O 

CM 


^ CTn  CM  O 00 
-4-  LTN  H CO  on 
on  CM  rH 


I I I I I I 1 I 1 1 I 

I I I I I I I I I I I 


I I I t I t I 

I I I I I I I 


I 1 1 1 I 


I t I t I 
I I I i I 


t-  H I H I m 


rH 

1 

yj 

CM 

cd 

rH 

W 

I CO  ^ on  LTN  CM 
I C.1  CT)  ^ r-\ 


oniAOHiTNONon  ico  i 

LAOO  m I I 


r— t^u^t^CM  c— onc7\ 
Li^  CM  t—  on  H H 
H CM 


MDt--:d-VO-=r  Ht-H 
0^  on-^f  H CM  CM  CM  rH 
m H 


CTsC—  LTNOCOLTsI  I I I I ^ 

o\onm-d-CMHi  I I I I LTN 

H m 


C--  o\oo  on  I 

CM  ^ CM  I 


OOOOOOOOOOO  -P 



(^J-4•MDOOOCM-:^MDOOOLC^  Eh 
rH  rH  rH  rH  rH  CM  CM 

I I I I I I I I I I I 

LAOOOOOOOOOO 

OCM^MOCOOCM-d-VOOOO 
rH  rH  rH  < — I rH  CM 


I H On  CO 

I H 


I O O 
I CM  CM 


rH  H on  cjN  on 
CM  H CM 


ir\  LON  rH  CM  CO 
t-MD  H H 


LA  un  -:t  On  lA 
H on  CM  CM  H 


on  c^No 
on  CM  H 


o o o o o 

CM  J-  MD  CO  O 


I I I I I 

LA  O O O O 


O CM  VO  CO 


0) 

C 

•H 

■P 

c 

o 

o 


(U 

rH 

cd 

Eh 


00  C\J  ^ t—  VO  ON 


np 


o 

•H 

o 

CL^ 

<u 

:s 
u 

d) 

Hcm 

rC 

'iCM 

c 


-p 

tiO  P 
•H  Cm 
(U 
Pi 


ON 

CO 


ON  CO  OO  CO 

on  H o i/N  -3- 


H O H VO  H CO 


I I 
I I 


I I 
i I 


I I 


i I I 1 I I 

I I I I I I 


I I 


I i I 


I I 
I 1 


I \ H 
I 


tr- 

m 


L/N 


» H on  oj  m H 


I I I 


on  I I 


H ^ 


ITN  LTN  on 
CO 


I NO  on  ITN  H 
I C\J  H H 


ITS  LA 
CM  H 


rH  I \ 


on  on  I on 


on 

CM 


o 

NO 


CJn 

LA 


Ti 

CJ 

c 

•H 

P 

G 

O 

O 


o 

ONCO  LAP  P 1 

CO 

P 

LA 

LA 

LA 

p 

t— 

p p 1 

1 1 NO 

p 

1 

(0\ 

LA 

on 

P 

1 

1 CM 

1 

CM 

1 P 

CO 

CO 

LA  1 1 P 1 1 

P 

P 

on 

CM 

on 

CM 

CO  1 

1 1 1 

1 1 C?N 

II  II 

CM 

NO 

on 

on 

CM 

p 

1 

1 1 1 

1 NO 

NO 

CM 

1 

NO 

1 1 1 1 1 1 

m p 

P 

1 

I I 

1 1 1 1 

1 1 CO 

1 1 1 1 1 1 

t-- 

CM 

CM 

CM 

1 

\ 

1 1 

till 

1 1 NO 

O O O O O O 

CM  NO  CO  O LA 

H H P H CM  CM 

I I I I I I 

o o o o o o 


cd 

p 

O 


oooooooooooo 

CMP-NOCOOCMP-NOCOOLAO 
P P r-H  P P CM  CM  on 

I I I I I I I I I I I I 

LAOOOOOOOOOOO 


cd 

p 

O 

p 


Cm 

O 


p 

0) 

(U 


O CM  p-  NO  CO  O 
P P P P P CM 


OCMPNDCOOCMPNOCOOIA 
P P P P P CM  CM 


Table  1 (Concluded) 


(Sheet  3 of  3) 


Table 


Wave  height  and  wave  period  groupings  include  the  lower  but  not  the  upper  values. 
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Table  3 


Wave  Heights  for  Exist Inp;  Conditions 
Direction  127° 


Test 

Wave 

Wave  Height , ft 

Period 

Height 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

sec 

ft 

1 

2 

3 

I4 

5 

6 

7 

8 

swl 

= +i*.5 

ft  (Maximum  Ebb) 

5.0 

It.O 

8.7 

5.6 

I4.2 

2.2 

0.8 

O.I4 

0.3 

<0.1 

7.0 

7.1 

7.6 

5.0 

I4.I 

1.3 

0.8 

0.7 

<0.1 

8.0 

6.0 

7.9 

7.9 

5.0 

3.5 

1.8 

1.0 

0.7 

0.2 

10.0 

8.0 

8.3 

5.2 

3.6 

2.0 

1.3 

0.9 

0.14 

lU.O 

6.9 

6.5 

I4.6 

3.0 

1.9 

1.2 

0.9 

0.3 

11.0 

6.0 

7.3 

6.k 

I4.9 

3.2 

2.1 

1.2 

0.5 

0.3 

10.0 

6.9 

6.0 

3.8 

3.8 

2.2 

1.3 

0.6 

0.3 

lU.O 

6.9 

6. it 

3.8 

3.3 

1.8 

1.1 

0.I4 

0.2 

lU.O 

1*.0 

8.0 

6.i* 

I4.8 

3.I4 

1.7 

1.0 

0.5 

0.3 

7.0 

7.6 

7.1 

5.1 

3.8 

1.8 

1.3 

0.8 

0.3 

10.0 

7.U 

6.1 

14.3 

3.6 

1.8 

0.8 

0.6 

0.2 

17.0 

U.O 

7.2 

5.8 

I4.3 

3.8 

2.1 

1.2 

0.9 

0.I4 

7.0 

6.5 

6.1 

I4.9 

3.3 

1.7 

1.1 

0.5 

0.3 

swl  : 

= +6.8 

ft  (Maximum  Flood) 

5.0 

h.O 

5.3 

5.9 

I4.2 

I4.I 

2.5 

1.2 

0.5 

O.I4 

7.0 

9.0 

7.0 

I4.6 

1.2 

1.0 

0.I4 

0.I4 

0.2 

8.0 

6.0 

9.1 

9.i+ 

5.8 

2.1 

2.6 

1.0 

0.8 

O.I4 

10.0 

7.2 

5. it 

6.1 

3.5 

3.0 

1.8 

0.9 

0.6 

lU.O 

7.2 

5.3 

I4.3 

2.I4 

2.6 

1.5 

1.3 

0.6 

11.0 

6.0 

8.8 

it. 6 

3.I4 

2.5 

1.5 

1.0 

0.7 

0.3 

10.0 

7.1 

U.2 

2.7 

2.7 

1.9 

0.7 

0.7 

0.5 

ll*.0 

7.2 

14.8 

3.3 

2.3 

1.8 

0.8 

0.7 

0.5 

lU.O 

l+.o 

9.2 

8.3 

5.6 

I+.9 

2.6 

2.1 

1.3 

0.7 

7.0 

6.9 

5.5 

3.6 

1.6 

I.I4 

1.0 

0.6 

0.3 

10.0 

7.3 

5.5 

3.7 

3.7 

1.6 

1.5 

0.9 

0.6 

17.0 

i*.o 

8.1 

5.3 

I4.I4 

3.0 

2.5 

1.3 

1.1 

0.5 

7.0 

7.0 

I4.I 

3.5 

2.5 

I.I4 

0.9 

0.7 

0.3 

(Continued) 
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Table  3 (Concluded) 


Test  Wave  Wave  Heicht.  ft 


Period  Height  Gage  Gage  Gage  Gage  Gage  Gage  Gage  Gage 
•t  1 2 3 k 5 6 7 8 


swl  = -1-8.6  ft  (Slack  Water) 


5.0 

1<.0 

U.5 

6.7 

U.2 

U.O 

1.8 

0.5 

1.0 

O.U 

7.0 

7.5 

10.1 

U.l 

1.7 

0.8 

0.5 

O.U 

0.1 

8.0 

6.0 

8.U 

10.0 

6.6 

U.U 

3.5 

2.2 

1.6 

0.5 

10.0 

10.6 

10.3 

7.7 

U.8 

U.O 

2.7 

2.0 

1.0 

li*.0 

8.1 

7.2 

6.7 

3.6 

2.9 

2.2 

1.9 

0.9 

11.0 

6.0 

9.9 

7.3 

3.3 

2.7 

2.1 

1.0 

1.3 

0.5 

10.0 

8.3 

5.3 

5.3 

3.U 

1.6 

1.0 

0.8 

0.6 

lU.O 

8.3 

6.3 

U.3 

3.9 

2.2 

1.3 

1.1 

0.6 

lU.O 

u.o 

8.7 

7.8 

U.5 

U.6 

2.U 

1.8 

1.1 

0.8 

7.0 

7.7 

8.2 

5.5 

3.7 

2.6 

1.7 

1.1 

0.7 

10.0 

8.3 

6.5 

U.l 

U.O 

2.7 

1.8 

1.1 

0.7 

17.0 

U.O 

10.2 

8.1 

6.5 

U.3 

3.3 

2.3 

2.0 

0.9 

7.0 

7.6 

5.2 

U.7 

3.9 

2.U 

1.3 

1.1 

0.5 
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Table  U 


Wave  Heights  for  Plan  1 
Direction  127° 


Test 

Wave 

Wave  Height,  ft 

Period 

Height 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

sec 

ft 

1 

2 

3 

It 

5 

6 

7 

8 

svl 

= +lt.5 

ft  (Maximum  Ebb) 

5.0 

t.o 

8.9 

It. 2 

3.1 

1.7 

0.9 

0.5 

0.3 

0.2 

7.0 

9.2 

5.1+ 

3.1 

1.5 

1.3 

0.9 

0.5 

0.2 

8.0 

6.0 

8.3 

7.1+ 

3.8 

2.8 

1.8 

1,0 

0.6 

0.2 

10.0 

8.2 

7.3 

It.l 

2.9 

1.8 

1,0 

0.7 

0.2 

lU.O 

7.6 

7.3 

3.1+ 

2.7 

l.lt 

0,7 

0.5 

0.2 

11,0 

6.0 

6.7 

6.1 

3.3 

2.1 

1.6 

0.9 

0.5 

0.3 

10.0 

6.k 

6. It 

3.7 

2. It 

1.5 

0,8 

0.3 

0.2 

lU.O 

6.9 

5.7 

3.3 

2.2 

1,6 

0.8 

0.1+ 

0.2 

lU.O 

i*.0 

6.5 

1+.9 

l+.T 

2.3 

l.lt 

0.9 

0.5 

0.2 

7.0 

6.7 

5.8 

3.8 

2.5 

1.3 

0.9 

0.6 

0.3 

10.0 

6.  It 

5.6 

3.5 

2.1 

1,1 

0.7 

0.5 

0.2 

17.0 

t.o 

6. It 

5.9 

3.0 

2.0 

l.lt 

0.9 

O.lt 

0.2 

T.O 

5.9 

6.0 

3.8 

2.7 

1.6 

0.8 

0.5 

0.3 

swl  : 

= +6.8 

ft  (Maximum  Flood) 

5.0 

h.O 

5.0 

1+.9 

2.9 

l.lt 

0.6 

0.2 

0.1 

<0.1 

7.0 

7.0 

7.6 

5.7 

It.l 

1.7 

0.7 

0.7 

0.3 

8.0 

6.0 

10.lt 

8.U 

6.6 

2.8 

1.1+ 

1,2 

0.7 

0.3 

10,0 

9.2 

6. It 

1+.3 

2.5 

0.6 

0.8 

0.5 

0.2 

it.o 

8.7 

6.2 

it.O 

2.1 

0.1+ 

0.5 

O.lt 

0.2 

11.0 

6.0 

8.0 

3.5 

3.5 

1.5 

0.9 

0.7 

O.lt 

0.1 

10.0 

7.5 

1+.7 

3.0 

l.lt 

0.8 

0.6 

0.3 

0.1 

lU.O 

7.1 

5.3 

3.1 

l.lt 

0.8 

0.1+ 

0.3 

0.1 

lU.O 

u.o 

8.5 

6.7 

3.3 

2.7 

1.1+ 

0.9 

0.6 

0.3 

T.O 

7.2 

U.2 

3.1 

1.6 

1.1 

0.5 

0.3 

0.2 

10.0 

7.1 

1+.5 

2.6 

1.6 

1.1 

0.5 

0.1+ 

0.2 

IT.O 

U.O 

8.3 

5.7 

2.9 

2.1 

0.8 

0.5 

0.3 

0.2 

7.0 

7.1 

It, 2 

1.8 

1.5 

0.6 

0.1+ 

0.1 

<0.1 

(Continued) 
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Table  I4  (Concluded) 


Test 

Wave 

Wave  Height , ft 

Period 

Height 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

sec 

ft 

1 

2 

3 

U 

5 

6 

7 

8 

swl 

= +8.6 

ft  (Slack  Water) 

5.0 

U.O 

U.T 

6. 6 

U.l 

2.9 

1.6 

O.U 

0.6 

0.1 

Y.O 

8.2 

9.5 

5.6 

3.0 

l.U 

O.U 

0.6 

0.2 

8.0 

6.0 

9.8 

10.  u 

7.3 

U.U 

U.O 

1.8 

1.0 

O.U 

10.0 

10.2 

9.9 

6.7 

3.U 

3.U 

1.5 

0.8 

0.3 

ll+.O 

9.2 

8.0 

5.2 

2.3 

2.1 

0.8 

O.U 

0.2 

11.0 

6,0 

10.  T 

7.7 

5.7 

2.9 

2.1 

1.2 

1.1 

0.5 

10.0 

9.0 

5.9 

U.3 

2.6 

1.5 

0.9 

0.6 

0.3 

lU.O 

8.8 

6.0 

U.l 

2.6 

1.9 

1.0 

0.8 

0.3 

lU.O 

U.O 

8.9 

7.0 

U.9 

3.1 

1.9 

1.9 

1.0 

0.6 

T.O 

T.9 

7.U 

5.5 

2.8 

2.1 

1.5 

0.9 

0.5 

10.0 

8.0 

7.0 

U.8 

3.2 

1.9 

1.2 

0.8 

0.5 

IT.O 

U.O 

10.0 

8.0 

5.8 

3.6 

3.0 

1.6 

1.0 

O.U 

7.0 

7.9 

6.0 

U.5 

U.2 

2.1 

1.0 

0.8 

O.U 
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Table  5 


Wave  Heights  for  Plan  2 
Direction  127° 


Test  Wave 

Wave  Height. 

, ft 

Period 

Height 

Gage 

Gage 

Gage 

Gage 

sec 

ft 

1 

2 

3 

I4 

swl 

= +i*.5  ft 

(Maximum  Ebb) 

5.0 

T.O 

7.T 

5.7 

3.7 

1.8 

8.0 

6.0 

8.8 

8.1 

I4.I4 

2.8 

lU.O 

T.i* 

1*.7 

3.9 

2.8 

11.0 

10.0 

6.6 

6.3 

3.7 

2.2 

swl  = 

: +6.8  ft  (Maximum  Flood) 

5.0 

T.O 

T.T 

7.i+ 

5.5 

3.0 

8.0 

6.0 

10.2 

8.5 

5.7 

2.9 

10.0 

8.14 

6.0 

U.3 

2.5 

lU.O 

8.5 

5.8 

3.3 

2.0 

11.0 

10.0 

8.0 

I4.I4 

2.6 

1.2 

swl 

= +8.6  ft 

(Slack  Water) 

5.0 

7.0 

8.5 

8.2 

I4.2 

3.0 

8.0 

6.0 

10. 14 

9.8 

6.6 

i*.3 

1I4.O 

9.0 

7.1 

5.i* 

2.9 

11.0 

6.0 

11.1 

8.0 

5.9 

3.^+ 

10.0 

8.8 

5.6 

3.7 

2.2 

1 

I 

i 


i 

S 


Table  6 


Wave  Heights  for  Plan  3 
Direction  127° 


Test 

Wave 

Wave  Height,  ft 

Period 

Height 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

sec 

ft 

lA 

1 

2 

3 

U 

5 

6 

7 

swl 

= +U. 

5 ft  (Maximum  Ebb) 

5.0 

l+.O 

1.8 

0.3 

0.9 

<0.1 

0.3 

0.1 

<0.1 

<0.1 

7.0 

3.7 

0.7 

1.8 

O.U 

0.5 

0.2 

0.1 

<0.1 

8.0 

6.0 

3.8 

1.3 

1.5 

0.6 

0.7 

0.5 

0.3 

0.1 

10.0 

6.2 

l.U 

2.3 

0.7 

0.8 

0.5 

0.3 

0.1 

lU.O 

5.U 

l.U 

2.U 

0.9 

0.8 

0.5 

0.3 

0.2 

11.0 

6.0 

5.U 

1.7 

2.5 

1.1 

0.7 

0.6 

0.5 

0.2 

10.0 

6.6 

2.1 

3.3 

l.U 

1.3 

0.8 

0.6 

0.3 

li+.O 

6.7 

2.0 

3.3 

1.2 

l.U 

1.0 

0.5 

0.3 

lU.O 

U.O 

2.9 

1.2 

1.3 

0.5 

O.U 

0.2 

0.1 

<0.1 

7.0 

U.U 

1.8 

1.9 

0.8 

0.8 

0.5 

0.3 

0.1 

10.0 

5.1 

1.8 

2.3 

0.9 

0.9 

O.U 

O.U 

0.2 

17.0 

i*.0 

2.U 

1.3 

1.0 

O.U 

0.3 

0.3 

0.1 

<0.1 

7.0 

U.U 

2.0 

2.1 

0.7 

0.7 

O.U 

0.3 

0.2 

swl  = 

: +6.8 

ft  (Maximum  Flood) 

5.0 

U.O 

1.9 

0.6 

0.3 

0.2 

0.1 

<0.1 

<0.1 

<0.1 

7.0 

U.7 

l.U 

0.8 

0.2 

0.2 

<0.1 

<0.1 

<0.1 

8.0 

6.0 

3.U 

1.6 

0.5 

0.3 

O.U 

0.1 

0.1 

0.1 

10.0 

7.2 

2.2 

1.6 

0.8 

0.7 

0.2 

0.2 

0.2 

lU.O 

6.2 

3.U 

1.1 

0.5 

0.6 

0.1 

0.1 

0.1 

11.0 

6.0 

U.U 

1.9 

1.0 

0.8 

O.U 

0.3 

0.2 

0.1 

10.0 

8.2 

2.6 

1.9 

l.U 

0.6 

0.3 

0.2 

0.2 

lU.O 

9.U 

2.9 

2.2 

1.9 

0.7 

0.5 

0.3 

0.2 

lU.O 

U.O 

2.8 

1.6 

0.6 

0.5 

0.5 

0.3 

0.2 

0.2 

7.0 

5.0 

2.1 

1.1 

0.7 

0.6 

O.U 

0.2 

0.2 

10.0 

7.7 

2.5 

1.8 

0.8 

0.7 

O.U 

0.2 

0.2 

IT.O 

U.O 

2.5 

1.5 

0.7 

0.3 

0.5 

0.1 

0.1 

<0.1 

7.0 

U.U 

2.1 

0.9 

0.5 

0.5 

0.1 

0.1 

0.1 

(Continued) 


Table  6 (Concluded) 


A 


Test  Wave Wave  Helj'iht,  ft 


Period 

sec 

Height 

ft 

Gage 

lA 

Gage 

1 

Gage 

2 

Gage 

3 

Gage 

1+ 

Gage 

5 

Gage 

6 

Gage 

T 

swl 

= +8.6 

ft 

(Slack 

Water ) 

5. 

,0 

U.O 

2. 

.5 

0.8 

0. 

T 

0, 

.5 

0, 

3 

0. 

.1 

<0, 

.1 

<0. 

,1 

T.O 

1+, 

,6 

l.h 

1. 

2 

0, 

■ T 

0, 

1+ 

0, 

.1 

0. 

.1 

0. 

,1 

8, 

.0 

6.0 

1+, 

,1 

1.5 

1. 

3 

0, 

,8 

0. 

T 

0, 

.5 

0, 

,2 

<0. 

.1 

10.0 

T. 

.6 

2.1+ 

1. 
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Table  8 

Comparison*  of  Wave  Heights  for  Existing;  Conditions 
Plan  1 and  Plan  2 at  Gage  Locations  1- 3 


Maximum  Wave  Heipiht 

Existing  Plan  Plan 

Conditions  1 2 


Average  Wave  Height 
Existing  Plan  Plan 

Conditions  1 2 


swl  = +h.^  ft  (Maximum  Ebb ) 


swl  - +6.8  ft  (Maximum  Flood) 


9.1 

10.  U 

10.2 

7.9 

8.6 

8.6 

9.h 

8.k 

8.5 

6.3 

6.7 

6 . E 

5.8 

6 . 6 

5.7 

i+.7 

U.7 

5.1 

swl  = +8.6 

ft  (Slack  Water) 

9.9 

10.7 

11.1 

8.E 

9.k 

9.6 

10.1 

10. h 

9.8 

8.0 

8.3 

7.7 

6.7 

7.3 

6.6 

5.2 

5.6 

5.2 

* Compared  for  plan  2 test  waves  only. 


Photo  1.  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  existing  conditions 
5-sec,  7-ft  waves  for  maximum  ehb 


"iV'  Ot.: 


Photo  2.  Typical  wave  patterns,  current  patterns,  and  current 
maf^nitudes  (prototype  feet  per  second)  for  existing  conditions 
8-sec,  10- ft  waves  for  maximiim  ebb 
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Photo  3"  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  existing  conditions 
11-sec,  10-ft  waves  for  maximum  ebb 


:1  wave  patterns,  current  pi 
otype  feet  per  second)  for 
-sec,  '(-ft  waves  for  naximi 


Photo  6.  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  existinf;  conditions 
5-sec,  T-ft  waves  for  maximum  flood 


Photo  7.  Typical  wave  patterns,  current  patterns,  and  current 
ma^-'nitudes  (prototype  feet  per  second)  for  existing  conditions; 
8-sec,  10-ft  waves  for  maximiun  flood 


Photo  8.  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  existing  conditions 
11-sec,  10-ft  waves  for  maximxom  flood 


Photo  9-  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  existing  conditions 
li-sec,  T-ft  waves  for  maximum  flood 
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Photo  10.  'lypical  wave  patterns,  current  patterns,  and  current 
maj’nitudes  (prototype  feet  per  second)  for  existinf^  conditions; 
17-oec,  a-ft  waves  for  inaximun  flood 


Photo  11 


Typical  wave  patterns  for  existing  conditions 
5-sec,  T-ft  waves  for  slack  water 


Photo  12 


Typical  wave  patterns  for  existing  conditions 
8-sec,  10-ft  waves  for  slack  water 


Photo  13 


Typical  wave  patterns  for  existing  conditions 
11-sec,  10-ft  waves  for  slack  water 


Photo  lU 


Typical  wave  patterns  for  existing  conditions 
l!t-sec,  7-ft  waves  for  slack  water 


Photo  15 


Typical  wave  patterns  for  existing  conditions 
IT-sec,  li-ft  waves  for  slack  water 


Photo  l6.  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  plan  1;  5-sec,  7-ft 

waves  for  maximum  ebb 


Photo  17.  Typical  wave  patterns,  current  patterns 
magnitudes  (prototype  feet  per  second)  for  plan  1; 

waves  for  maximuiri  ebb 


Photo  l8. 
maf'^nltufie 


Typical  wave  patterns,  current  patterns,  and  current 
(prototype  feet  per  second)  for  plan  1;  11 -sec,  10-ft 
waves  for  naximuir;  ebb 


Photo  19 • Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  plan  1;  it-sec,  7-ft 

waves  for  maximum  ebb 
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Photo  .uO.  Typical  wave  patterns,  current  patterns,  and  current 
naf'nitudes  (prototype  feet  per  second)  for  plan  ];  IT-sec,  i-ft 

waves  for  maxirrmm  ebb 
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Photo  21. 
rria/^nitude; 


T^/'pical  wave  patterns,  current  patterns,  and  current 
(prototype  feet  per  second)  for  plan  1;  5-sec,  7-ft 
waves  for  nia;tirauin  flood 
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Photo  22.  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  plan  1;  B-sec,  lO-ft 
waves  for  maximum  flood 


Photo  23-  Typical  wave  patterns,  current  patterns,  and  cui'rent 
magnitudes  (prototype  feet  per  second)  for  plan  1;  11 -sec,  10- f' 
waves  for  maximum  flood 


Photo  25.  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  plan  1;  IT-sec,  U-ft 
waves  for  maximum  flood 
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Photo  26.  ';’y])ical  wave  patterns  t'or  plan  i 
11-sec,  10- ft  waves  for  slack  water 
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Photo  29 . 
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Photo  30.  lypicai  wave  patterns  for  plan  1 
IT-sec,  l-ft  waves  for  slack  water 


Photo  32.  Typical  wave  patterns  for  plan  2 
11-sec,  10- ft  waves  for  slack  water 


Photo  3^.  Typical  wave  patterns,  cirrrent  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  plan  3;  11-sec,  10-f 

waves  for  maximum  ebb 


Photo  35-  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  plan  3;  iT-sec,  '--ft 

waves  for  maximum  ebb 
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Photo  37.  Typical  wave  patterns,  current  patterns,  and  current 
magnitudes  (prototype  feet  per  second)  for  plan  3;  11-sec,  10-ft 

waves  for  maximum  flood 


Photo  38.  lypical  wave  patterns,  current  patterns,  and  current 
maf^nitudes  (prototype  feet  per  second)  for  plan  3;  17-sec,  l^-ft 

waves  for  maximum  flood 


Photo  39 


lypical  wave  patterns  for  flan  3 
7-ft  waves  for  slack  water 
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In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 
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